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Introduction

10
essary for the initial MIP model implemented in CPLEX.
147
The main contribution of this paper is to propose a hybrid GRASP-
148
VNS algorithm that improves upon the results from Castillo-Villar et al. [7] . 149 We have developed a more elaborated VNS with a more complex structure ematical model proposed by Gatica and Miranda [15] and used by Villar et al. [7] , which is considered in this paper. 
Problem Description
169
We consider the routing and scheduling problem for tramp shipping which is a single trip from one port to another, picking-up and delivering a cargo.
177
A contract must be served at one of the possible time instants that are also 178 called nodes. Therefore, the problem here presented consists of deciding the 179 set of contracts to be served by each ship and the chosen time instants, i.e.
180
selecting a set of arcs, with the aim of serving all contracts while minimizing 181 total relevant costs.
182
The fleet of ships is heterogeneous due to differences in capacity, speeds, cleaning) or a third trip is placed between them.
189
It is important to notice that given a sequence of contracts to be served One of the most important costs corresponds to the fuel consumption expenses. Since fuel consumption depends on navigation speed, controlling 198 the speed impacts not only on the travel time, but also on the travel costs.
199
In this work, a network-based model is used, and it allows for the consid- 
Mathematical Formulation
207
As stated above, the discretized modeling approach used in Gatica and 208 Miranda [15] and Castillo-Villar et al. [7] has been adopted. In order to make 209 this work self-contained, the model is explained below.
210
The SRSPDTW can be defined as follows. Let G = (V, A) be a directed 211 graph, where V is the node set and A is the arc set. Each node i ∈ V represent 212 a time instant and the contract associated with that node is represented by 213 n(i). On the other hand, each contract n(i) has a set of associate nodes 214 D n(i) , i.e., the set of possible starting times for trip n(i). In SRSPDTW, the 215 ships are indexed by means of k = 1, 2, . . . , B, where B is the number of 216 available ships. Each arc(i, j, k) represents the service of contracts n(i) and 217 n(j) consecutively by ship k. The arc is included in the network if both, the 218 trips and the ship, are compatible, and if it is feasible for ship k to begin 219 service of contract n(i) at the time instance represented by node i, make the 220 empty trip from the destination port of contract n(i) to the origin of contract 221 n(j), and be available to begin service of contract n(j) at the time instance 222 associated with node j.
223
For each arc, the cost parameter c ijk represents the total minimal cost 224 when the ship delivers contract n(i) immediately followed by contract n(j).
225
To complete the network, a fictitious node 0 is created to represent the source 226 and destination of all ships (ports that can be different). For each ship k and 227 node i, if contract n(i) is compatible with ship k, both an arc(0, i, k) and an 228 arc(i, 0, k) also exist. Cost c 0ik is calculated based on the real initial position 229 of ship k, and cost c i0k represents the cost incurred if ship k serves contract 230 n(i) and must go to a final destination port.
231
The mathematical formulation of the problem from Gatica and Miranda
232
[15] is as follows:
235
(i,j,k)∈A/j∈Dn
i∈V /(i,j,k)∈A
where N is the number of contracts to be served, V is the set of nodes
236
in the network, D n is the set of nodes associated with contract n (i.e., set of 237 possible starting times for trip n), A is the set of arcs in the network, c ijk is 238 the cost of arc(i, j, k), and:
Selecting arc(i, j, k) as part of the solution (x ijk = 1) implies that ship k 240 will serve contract n(i) and will serve contract n(j) immediately afterwards.
241
Selecting arc(0, i, k) implies that n(i) is the first contract to be served by 242 ship k, and selecting arc(i, 0, k) implies that n(i) is the last contract to be 243 served by ship k.
244
The objective function (1) will be selected and x 0ik will be equal to 1. Then, if the ship k can serve 266 contract r and go to serve contract s at time instant of node j, the arc(i, j, k)
267
will be selected and x ijk will be equal to 1. Finally, if ship k does not serve 268 more contracts, it is supposed to go to the fictitious node 0, so that arc(j, 0, k)
269
is used and x j0k will be equal to 1. cording to the quality of the solution they will achieve. It is important to notice that a solution to the problem consists of a 303 route for each ship, so that a route is defined as the set of contracts to be 
GRASP for an Initial Feasible Solution
311
In order to obtain an initial solution, a GRASP has been developed. This At this point, we have the route that each ship will perform, but it could 330 happen that some contracts have not been assigned due to arc restrictions.
331
In that case, a new process starts, trying to insert these contracts at some and then the iteration of the three phases starts.
355
In the shaking phase a solution is randomly generated applying the corre- of both routes after two selected point, one from each route (O(n 2 )).
it into another route (O(n 2 )).
381
• The relocationChanging operator is a modification of the relocation 382 one, where the nodes from contracts between the new one is going to 383 be inserted can change to another node belonging to these contracts,
384
in order to accommodate the new one (O(n 2 )).
385
• The swapInter operator selects a contract from a route, other contract 386 from other route, and swaps them (O(n 2 )). (N 1N 2N 3, N 2N 3N 4) . As last step, every combination of four 420 structures starting from these better ones has been applied as shown in the 421 fourth graph, and the best one has been selected (N 1N 2N 3N 4) . 
Computational Experiments
427
This section is devoted to analyze the performance of the hybrid GRASP- processor with 6 GB of RAM running under Ubuntu 12.10.
436
The set of instances used in this work is the same set generated by total, the benchmark is composed of 3 · 4 · 3 · 15 = 540 instances.
444
In order to obtain the best results using the proposed GRASP-VNS al- where Z corresponds to the value obtained by the corresponding heuristic.
471
Positive gaps are obtained when CPLEX finds better solutions. number of instances from which an optimal solution is found (Opt. f ound).
478
Column 5 is the number of instances for which an optimal solution is not Table 1 shows results for instances of 30 contracts corresponding to the 515 smallest size instances. In terms of the quality of solutions, using our VNS proposed GRASP-VNS algorithm.
549 Table 3 shows instances of 50 contracts corresponding to the largest size it is due to a particular 40-contract instance with 5 ships and 15 nodes that 556 consumes particularly longer computation time.
557
An important point that can be highlighted from Tables 1, 2 , and 3 is 558 that our GRASP-VNS algorithm always finds a solution if CPLEX has found 559 a solution, and even sometimes GRASP-VNS is able to find a solution when
560
CPLEX has not found a feasible one, as can be seen for 50-contract instances.
561
In contrast, CVH always solves less number of instances than CPLEX. the more discretization is used, the higher will increase the time. Additionally, this GRASP-VNS algorithm finds solutions even when CPLEX
618
is not able to find a feasible one in two hours. 
